Bivalve shell microstructures are important traits that can be used for evolutionary and phylogenetic studies. Here we examine the crossed lamellar layers forming the shells of the arcoids, Arca noae, Glycymeris glycymeris and Glycymeris nummaria in order to better understand the crystallography of this complex biomaterial. Textural aspects and crystallography of the outer crossed lamellar layer of these species have been clarified using high-resolution electron microscopy and X-ray diffraction (XRD) techniques. These shells are made of aragonite crystals in a crossed lamellar arrangement with a high preferred crystal orientation (texture). The distribution of maxima in the pole figures implies that there is not a single crystallographic pattern within the measured area, but a continuous variation between two classes of distinct patterns. In the first of these, there is a set of four crystal orientations (referred to as upper set). These four crystal orientations are distributed in two pairs (which are coplanar), with the crystals of each pair being twinned on {110}. The pairs are tilted with respect to each other by approximately 20-40º around an axis perpendicular to the {110} common twinning plane. In the second pattern (referred to as lower set), the crystal orientations of each pair are rotated around a <110> direction until the a-axes of the diametrically opposing crystal orientations of two different twinned pairs become parallel. As a result of this rotation, in the lower set the crystal orientations no longer form pairs twinned on {110}.These crystallographic relationships are unknown in inorganic aragonite. Our results are similar to those reported for the neogastropod Conus marmoreus. Thus, the common crossed lamellar crystallography in the arcoid bivalves and in C. marmoreus is a striking example of convergence in the development of crossed lamellar microstructures.
Introduction
Bivalve shells are biocomposites of calcium carbonate (either calcite or aragonite) crystals and a certain amount of intra-or intercrystalline organic matrix (between 1-5 mass %) [1] . This minor proportion of organic matter provides the shell structure with unique mechanical properties, far superior to its inorganic aragonite or calcite counterparts. For example, nacre, or mother of pearl, which is one of the best known and the strongest of these arrangements, is almost 3000 times stronger than inorganic aragonite [2] . In bivalve shells there are up to five superposed calcium carbonate layers. Calcite or aragonite crystals, which rarely mix within the same layer, are organized in different crystallographic arrangements called microstructures. These microstructures are very diverse across the phylum Mollusca. Bøggild [3] was the first to define mollusc microstructures 85 years ago, followed by many other researchers [4] [5] [6] [7] [8] [9] [10] [11] . The most common microstructures among molluscs are the crossed lamellar microstructures (CLMs), whose principal advantage is their ability to dissipate and stop cracks [12] .
The unique mechanical properties of CLMs have ignited interest in building this biomaterial in vitro in order to elucidate how the biomineralisation process occurs in these materials [13] . However, CLMs are not only important for their mechanical properties. They have also been used, along with other microstructures, as phylogenetic tools by several authors [7, 10, [14] [15] [16] [17] . CLMs in the Phylum Mollusca are the most widely distributed microstructures within the two most diverse classes, the Bivalvia and the Gastropoda. CLMs also appear in Polyplacophora and Scaphopoda, being absent only in two Conchifera classes, Monoplacophora and Cephalopoda. CLMs emerge in both marine and continental species, thus showing a great adaptive potential and evolutionary success. Furthermore, the good preservation of shell microstructures in fossils allows researchers to include both, extant and extinct specimens' data set in systematic analyses.
CLM architecture. CLMs are a group of aragonitic shell microstructures exclusive to molluscs, with a general organization which is reminiscent of plywood materials. CLM structural elements are arranged in a hierarchical distribution. This hierarchical distribution was accurately described by Kobayashi (1971) [8] . In CLMs, 1 st order lamellae are the encompassing elements and contain 2 nd and 3 rd order lamellae. The general patterns of CLMs consist of a certain number of parallel blocks (1 st order lamellae), which can extend perpendicularly (radial) or parallel (co-marginal) to the shell margin and which usually have interdigitating margins. Inside these 1 st order lamellae there are laths (2 nd order lamellae) arranged parallel, one on top of another. 2 nd order lamellae are made up of impinging aragonite rods (3 rd order lamellae) arranged parallel to each other. 2 nd order lamellae dip in opposite directions in alternating 1 st order lamellae, at an angle between 90-120º ( Fig.1 ). Despite this general model, there is a high amount of ultrastructural variability seen within CLMs.
CLMs in bivalves. As mentioned above, the class Bivalvia is one of the most diverse classes within the molluscs secreting CLMs. There is an increasing body of information on bivalve CLMs since Schmidt [18] placed CLMs into a group of structures called porcellaneous. Bøggild [3] split the porcellaneous group into crossed lamellar, complex crossed lamellar and homogeneous microstructures. Many other authors have analysed the CLMs in bivalves using electron microscopy techniques [7, 9, 13, [19] [20] [21] [22] [23] [24] [25] and have divided the CLMs into different subgroups. Carter and Clark [10] defined many types of CLMs mainly depending on the shape of the 1 st and 2 nd order lamellae; their classification scheme is frequently used by other researchers. Following Carter and Clark´s classification, CLMs are found to be widespread within the Heterodonta, in which the 1 st order lamellae present a very variable shape. This differs from the rectilinear and well-defined 1 st order lamellae shape in the Pteriomorphia groups with CLMs (Arcoida, Limoida, and Pectinoida). In Paleotaxodonta, CLM only appears in its complex crossed variety, in which 1 st order lamellae display a conical shape. CLMs are not present in the Paleoheterodonta. Kobayashi [8] studied the microstructure distribution (including CLMs) within the bivalves. He remarked that the possible combinations of layers with different crystallographic arrangements in these animals are limited. These microstructural combinations appear repeatedly within the main bivalve groups and are in good concordance with the bivalve classification based on other characters.
Preferred orientations in molluscs microstructures (CLMs included) have been used, as well, to provide phylogenetic information [17, 26] . Chateigner et al. [26] demonstrated that the preferred crystallographic orientations in two species with the same microstructure morphology can be different. Thus, texture and morphology provide complementary information for the accurate description of microstructures. The textural patterns observed by these authors for the CLMs of molluscs (including five bivalves) show a high variability in their preferred orientations.
CLM in Arcoida. Contrary to other Pteriomorphia, the shells of the species of the order Arcoida are made entirely of aragonite. Below a fibrous prismatic outer layer, which is not always present, there are CLM layers. This was defined by Wise [27] and by Carter and Clark [10] as the typical and simple CLM, having a well-defined rectilinear shape of its 1 st order lamellae and laminar 2 nd order lamellae. This type of CLM appears frequently in gastropods [7, 10] . One example of this kind of CLM in gastropods is that of Conus marmoreus, which was analyzed by Rodríguez-Navarro et al. [28] using XRD and for which they proposed a crystallographic model. It is important to note that the inner layers in arcoids are usually complex CLMs, although we have not analyzed them in our study. A peculiar feature in some bivalve groups with CLMs, including Arcoida, is the presence of microscopic canals, which are referred to as microtubules (see arrows in Fig.1A ). They run across the microstructure and are filled with organic material [29, 30] . 
Materials and methods
Samples. Three species of Arcoida were studied: Arca noae (Linnaeus, 1758), Glycymeris nummaria (Linnaeus, 1758) and G. glycymeris (Linnaeus, 1758). Shell valves were taken from our research group's collection housed in the Area of Paleontology, at the Granada University. Small pieces of about 1 cm 2 were extracted from the area exterior to the pallial line, which is the boundary between the outer and inner layer. Consequently, only outer layers were studied.
Scanning Electron Microscopy (SEM). Observations of the CLM were carried out on both fractured and polished sections of the shell. Samples were usually observed intact, although in some cases we removed the organic matter (with commercial bleach, NaClO 2%) or, in the case of polished sections, the surface was slightly etched using 4% EDTA, pH 7.3, at room temperature. Samples were preliminarily checked using a Phenom Pro desktop SEM (acceleration voltage 15 kV). Shell pieces of interest were carbon coated (Hitachi UHS evaporator) for field emission SEM (FESEM, Zeiss AURIGA Crossbeam Station) observation at the University of Granada or directly observed without coating in an environmental SEM (ESEM) (FEI Quanta 400) at the Fritz-Haber Institute of the Max Planck Society in Berlin, Germany.
X-Ray Diffraction (XRD). Samples for texture analysis need to be small and as flat as possible, as curved samples cause defocusing and uncontrolled absorption of the X-ray beam.
Given the lamellar nature of the CLM, an essential reference is the orientation of the first order lamellae with which to relate the crystal orientation. During the diffraction measurements we noted the first order lamella orientation using a standard binocular optical microscope. Intermediate layers were exposed by grinding and etching a surface area measuring several square millimetres.
Since biogenic aragonite is the exclusive mineral component of the examined shell, the texture analysis was performed under the assumption of an orthorhombic lattice (symmetry 2/m2/m2/m) and the parameters of pure aragonite: a0 = 4.9623 Å, b0 = 7.9680 Å, c0 = 5.7439 Å (ICDD 2010). The alternative use of the slightly different aragonite parameters (a0 = 4.96183 Å, b0 = 7.96914 Å, c0 = 5.74285 Å) determined by Caspi et al. [31] would not alter our results significantly. The X-ray analyses were carried out using a D8 Bruker diffractometer equipped with an Euler cradle, parallel beam optics of PolyCap type and a special sample holder attached to the x-y-z sample stage
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(housed at the Institute of Metallurgy and Material Sciences, Krakow, Poland). The change in the orientation of crystals across the shell thickness was assessed by three-dimensional (3-D) texture analysis and samples were radiated with CoKα wavelength. For this kind of radiation, samples had to be thick enough (≥ 0.1 mm). Incomplete back-reflection 031, 112, 021 and 111 pole figures were registered at each of the 642 measurement positions. We chose these reflections because they showed the highest intensity and do not overlap with other reflections. The experimental pole figures allowed us to determine the spatial orientation of the crystallites in selected sub-areas of the shell microstructure with regards to the shell surface planes (outer and inner). The LaboTex package (Labosoft) [32] allowed us to calculate the orientation distribution function (ODF) and the complete pole figures, by using the discrete Arbitrarily Defined Cells (ADC) method [33] . The experimental pole figures allowed us to determine the spatial orientation of the crystallites in selected sub-areas of the shell microstructure, in relation to the shell system. To facilitate the interpretation of the identified texture, the X-ray pole figures were related to the first order lamella orientation noted during the analyses, and complete 001, 010, 100 pole figures were recalculated ( Fig.6 ). We used these three pole figures for CLM crystallographic interpretation because they can easily be related to the three crystallographic axes of aragonite. Transmission Electron Microscopy (TEM). Ultrathin section preparation and analysis were performed at the Fritz-Haber Institute of the Max-Planck Society in Berlin, Germany. Cross sections for TEM analyses were made for specimens of Arca noae and Glycymeris nummaria. Selected areas of the shell samples were first mechanically polished and subsequently thinned down to electron transparency with a GATAN precision ion polishing system (PIPS). TEM analysis was carried out using a Phillips CM200 instrument with a field emission gun (FEG). The acceleration voltage was set at 200 kV. In order to isolate 3 rd order lamellae, shell pieces were crushed in an agate mortar and fragments were ultrasonicated in absolute ethanol. Some fragments were then collected on copper TEM grids and coated with carbon using a Hitachi Coater at University of Granada or a Cressington Coater at the Fritz-Haber Institute in Berlin. They were studied in a TEM (Zeiss Libra 120 Plus SMT, Univ. Granada) with an accelerating voltage of up to 80 kV or in a TEM-FEG (Phillips CM200 with an acceleration voltage up to 200 kV, Fritz-Haber Inst. Berlin).
Results and discussion
SEM. CLMs of the studied species, Arca noae, Glycymeris nummaria and Glycymeris glycymeris present rectilinear 1 st order lamellae and laminar and well-defined 2 nd order lamellae. The angle between the 2 nd order lamellae located within two adjacent 1 st order lamellae is about 90-120º ( Fig.2) . TEM. The basic building units of the CLM in the studied specimens are long aragonite crystals or rods (3 rd order lamellae). These rods are 0.3-0.5 μm in width, 0.1-0.2 μm in height and have an undetermined length (Fig.3A) . Each 3 rd order lamella displays an internal structure consisting of straight nanometric bands with parallel boundaries which are perpendicular to the shell surface ( Fig.3A) . TEM surface views of isolated lamellae (Fig.3B) show the banded structures, which, based on their contrast, are indicative of the existence of polysynthetic twins of aragonite, with the twinning planes being parallel to the long axis of the lamellae and perpendicular to their wide surfaces. Diffraction patterns of selected areas (Fig.3C) show two sets of diffraction spots correlated one to another by a twin operation which is similar to the one shown by Bragg (1924) [34] and is indicative of polysynthetic twins on {110}. These results agree with those of Uozumi [35] and Kobayashi [36] who described similar twins in fossil specimens of Glycymeris yessoensis and Barbatia virescens using TEM. Fig.4 . These three pole figures are related to the three crystallographic axes of aragonite, a-, b-and c-respectively. The results indicate a strong texture in all the studied species. In all cases the 001 pole figure has two maxima at an angular distance of approximately 20-40º that are aligned and contained within the 1 st order lamella plane. Furthermore, these maxima appear diffuse and very wide, especially in the case of G. glycymeris, (Fig.4B ) in which they display an elongated shape perpendicular to the 1 st order lamellae plane. Each maximum in the 001 pole figure is related to two of the four maxima in the 010 pole figure and to both of the widely spread 100 maxima, which are clearly placed at the edges of the 100 pole figure. The occurrence of four distinct 010 maxima implies the existence of four b-axis orientations. Thus, four different crystal orientations coexist. Fig.4D is a synthetic sketch showing the correspondence between maxima. The angular distances between the two 010 maxima located either in the upper or lower halves of the 010 pole figure is about 60º, and relate to the 001 maximum located in the opposite half of the 001 pole figure. The information extracted by comparing only the 010 and 001 pole figures implies the existence of two pairs of crystal orientations with crystals of each pair being twinned on {110}, in agreement with our TEM observations (Fig.3) . Furthermore, the fact that each pair of 010 maxima (upper and lower halves) is connected to the two 100 maxima, suggests the existence of four crystal orientations which share their a-axes two by two. As a result, comparing the three pole figures, the main incongruence is that according to the 100 and 001 pole figures there are only two crystal orientations (two a-and c-continuous maxima respectively), but if we look at the 010 pole figure there are four crystal orientations (four different b-axis orientations). The only reasonable crystallographic explanation is that each of the elongated 100 and 001 maximum does not result from single crystallographic pattern but from multiple orientations. The fact that the 001
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Biomineralization: From Fundamentals to Biomaterials & Environmental Issues maxima elongate perpendicularly to the orientation of the 1 st order lamellae, implies similar changes in tilting of the c-axis (Fig.4C ). In this way, we interpret that there are four crystal orientations with relatively stationary b-axes (low spread 010 maxima), but for which the a-and c-axes fluctuate widely (elongated 001 and 100 maxima). Our crystallographic model is shown in Fig.5 (central part) . There are two classes of distinct crystallographic patterns (here called upper and lower sets). In the first pattern ( Fig.5: upper set) , there are two pairs of crystal orientations (crystal A1+ crystal A2 and crystal B1+crystal B2) twinned on {110}. The two pairs are inclined with respect to each other by 20-40º and their two caxes are contained within the plane of the first order lamellae. The idealized combined pole figure for this configuration can be seen in Fig.5 (top) . The second configuration or crystallographic arrangement ( Fig.5: lower set) is obtained from the first one by rotation of the crystal pairs A1-A2 and B1-B2 around the <110> axis, which is contained within the {110} planes of each axis until the a-axes of the crystals, which are diametrically opposed in different sets (crystals A1-B2 and crystals A2-B1), become parallel. In this way, the c-axes of the crystals A1 and A2 are no longer parallel but differ by the angle of rotation around <110>, and the same applies to the crystals B1-B2. Accordingly, both crystal pairs A1-A2 and B1-B2 are no longer related by a {110} twin plane. The idealized distribution of maxima for this configuration is sketched in Fig.5 (bottom) . A synthetic model can be obtained by simply superposing the pole figures corresponding to the two sets (upper and lower). This synthetic model is represented in Fig.5 (right) . As can be seen, the continuous variation from one set of orientations to the other explains the elongated spreads of the 100 and 001 maxima, whereas the 010 maxima become slightly elongated, but never fuse.
Texture of the CLM layer of another arcoid, Glycymeris gigantea, was analysed by Chateigner et al. [26] . Their results show that there are two 001 maxima situated at 15º to each other and four 100 maxima which the authors interpreted as a single twin on {110} planes. However, the authors did not relate the pole figure maxima and provide no record at all of the 1 st order lamellae orientation which may relate the crystallography of the CLM to the structure. The arcoid model we describe here can only be derived if the three pole figures are examined. The crystallographic model provided in the literature for the neogastropod Conus marmoreus [29] agrees with the crystallographic arrangement we described for the upper set in our model. The Conus marmoreus crystallographic model was made using only the 100 and 001 pole figures [29] . We have recalculated the 010 completed pole figure for Conus marmoreus from previous data of Rodríguez-Navarro et al. [29] . One example of the 100, 010 and 100 pole figures is displayed in Fig.6 . By comparing these results to the ones in the studied arcoids, we conclude that the crystallography of the CLMs of both Conus marmoreus and the Arcoida are the same. 
Conclusions
In this work the CL outer layers in three species of arcoid bivalves are studied using XRD and EM techniques.
Our motivation to study CLM in arcoids (Pteriomorphia) lies in the fact that CLMs within the bivalves are present in Heterodonta and in a few groups of Pteriomorphia, including Arcoida. The crystallographic characterization of the CLMs in these groups is important for a better understanding of the evolution and formation of such microstructures within the molluscs.
From TEM observations (ours and from the literature) we conclude that 3 rd order lamellae in Arcoida display an internal structure consisting of straight nanometric bands with parallel boundaries of a few nanometers in width. These banded structures result from polysynthetic twins of aragonite and have been found previously in mollusc shells [37] .
Due to the reported variability in CLMs texture within different molluscs [26, 29] , we analysed the texture in Arcoida by means of XRD with the aim to characterize CLM crystallography. For the first time a new crystallographic model for the Arcoida is described here. The crystallographic model implies that there is a fluctuation between two classes of distinct crystallographic configurations, which involves a continuous variation of the a-and c-axes and a more reduced change in the b-axes. This model cannot be arrived at unless the 001, 100 and 010 pole figures are concomitantly used. In a previous study on Conus marmoreus by Rodríguez-Navarro et al [29] , the authors assumed an equivalence in maxima distribution between the 010 and 100 pole figures. However, re-examination of data by including the 010 pole figures, has allowed us to conclude that the crystallography of the CLMs of Conus marmoreus and of the Arcoida are identical. Vendrasco et al. [38] showed that early bivalves lacked any CLM. Thus, such microstructures most likely evolved independently in at least gastropods and bivalves. Additionally, Taylor et al. [14] described how CLMs evolved individually in the Pectinacea-Limacea-Anomiacea, Myacea-Pholadacea-Gastrochaenacea and Arcoida-Heterodonta groups. In conclusion, the coincidence in crystallography between the CLMs of Arcoida and the neogastropod Conus marmoreus constitutes a strong case of convergence.
The two classes of crystallographic configurations found in the Arcoida (i.e. the recurrent presence of twinned pairs forming and angle, as well as the existence of crystals with a common aaxis) are completely unknown in geological aragonite. Somehow, they must be produced by the interference of organic molecules with particular crystal faces. This shows the important role of the organic components in biomineralisation.
